To determine the e¡ects of the recessive retinal degeneration (rd) gene on behavioral performance, three Alzheimer's transgenic lines (APPsw, P30lL, APPsw + P301L) and non-transgenic littermates were evaluated in a comprehensive behavioral battery between 5 and 8.5 months of age. For all four genotypes collectively, rd homozygosity resulted in profound impairment in spatial cognitive tasks requiring visual acuity (Morris maze, platform recognition, and radial arm water maze). Non-transgenic and P301L mutant tau mice contributed most to this rd e¡ect since heterozygous and wild type mice performed well. By contrast, spatial cognitive performance of both APPsw-expressing lines was often impaired, irrespective of rd status. Sensorimotor performance was una¡ected by rd homozygosity, while rd e¡ects on anxiety were genotype-dependent (less anxiety in NT, APPsw; more anxiety in P301L, APPsw + P301L). Our results strongly encourage rd screening of genetically manipulated mouse lines produced from rd-carrying strain backgrounds to avoid serious potential confounds in the interpretation of spatially based cognitive performance. 
INTRODUCTION
Degeneration of retinal photoreceptors, leading to near complete blindness, is fairly common among rodent strains used in biomedical research. This retinal degeneration is often caused by an autosomal recessive defect in the bsubunit of the rod-specific cGMP-PDE gene. The defect blocks the phototransduction cascade, thus causing increased cGMP levels and ensuing induction of Ca 2 + channels to remain open [1] . The rd mutation, if homozygous (rd/rd), leads to rapid degeneration of rods within 3 weeks of birth, followed by degeneration of cones thereafter [2] . While the mechanism responsible for this retinal degeneration is not fully understood, it is thought to involve apoptotic cell death [3] . The rd mutation has minimal effects on retinal ganglion cells and does not appear to affect any other CNS neuronal populations.
Of 65 inbred mouse strains investigated, 20% were found to carry the rd gene [4] ; indeed, the rd mutation is fixed in C3H, CBA, and FVB strains [5] . Given the prominent use of several rd-carrying mouse strains to generate transgenic/ knockout models for various neurological diseases, it is important to determine the behavioral consequences of rd homozygosity. Such consequences, left undetected, could seriously confound interpretation of behavioral data collected from genetically manipulated mouse models. In this context, surprisingly few studies have attempted to determine the extent to which retinal degeneration affects behavioral performance. In view of the considerable spontaneous retinal degeneration that occurs during aging in albino rats, Spencer et al. [6] found that impairment in Morris maze spatial learning of aged Sprague-Dawley rats is significantly correlated with degree of retinal degeneration [6] . In another study, C3H and CBA mice homozygous for rd were impaired in a one-way active avoidance paradyme requiring animals to run through a small hole to avoid footshock [7] . By contrast, rd/rd mice tested in a water T-maze task not requiring visual acuity were not significantly impaired in their ability to locate an escape ladder [8] . Effects of the rd mutation on anxiety are unresolved, with one study reporting less anxiety in the elevated zero-maze for three inbred strains of mice carrying the rd/rd mutation (C3H, CBA, and FVB/NJ) compared to five other inbred strains [9] .
Although the aforementioned behavioral studies suggest seriously confounding effects of retinal degeneration on assessment of cognitive/anxiety tasks requiring visual acuity, each of those studies involved only a single behavioral task and none involved genetically manipulated mice. Thus, the spectrum of behavioral measures affected by the rd mutation, particularly in transgenic/knockout mice, is largely unknown. The present paper addresses this issue by evaluating non-transgenic mice, as well as three Alzheimer's transgenic mouse lines (APPsw, P301L, and APPsw + P301L), in a comprehensive behavioral battery to determine effects of the rd/rd mutation on performance. APPsw mice develop neuritic plaques by 8-10 months [10, 11] , P301L mutant tau mice acquire neurofibrillary tangles in the CNS as early as 6.5 months of age [12] , and APPsw + P301L mice develop both of these Alzheimer's pathologies [13] . We found that the rd mutation seriously impaired spatial cognitive performance in multiple tasks, while having little or no effect on sensorimotor function and anxiety levels. Our results strongly argue for rd screening of genetically manipulated mice breed from strains known to harbor the rd gene.
MATERIALS AND METHODS

Animals:
This study behaviorally evaluated a total of 32 female mice in the following four genotypic groups: seven mice carrying the Swedish amyloid precursor protein (APPsw) double point mutations Lys 670 -Asn and Met 671 -Leu, 10 mice possessing the P301L Pro 301 -Leu tau mutation (Tau), four mice expressing both the Tau and APPsw mutations (Tau + APPsw), and 11 non-transgenic (NT) control mice. Mice were selected from the progeny of C57B6/SJL Â SW/B6D2F mice bearing the APPsw mutation and C57BL/DBA2/SW mice carrying the P301L tau mutation. Genotyping for presence of the APPsw and/or Tau (P301L) transgenes was performed at weaning, using PCR of a DNA sample extracted from tails of all mice. Several months prior to behavioral testing, mice were individually housed in ALAC approved cages and facilities. PCR genotyping for presence of the retinal degeneration (rd) gene was performed after behavioral testing had been completed.
Behavioral testing: Beginning at 5 months of age, animals were started in a 6-week behavioral test battery [14] that evaluates sensorimotor abilities, anxiety levels, and cognitive performance. Several single-day tasks were repeated after completion of the 6-week test battery at the ages indicated in Table 1 . The tasks listed in Table 1 were performed in the order listed and at (or beginning at) the age indicated. Detailed methodologies for each of these tasks are described in Arendash et al. [14] .
Statistical analysis: A two-way ANOVA was performed for each behavioral measure to determine whether a main effect of rd status was present, as well as whether there was an interaction between rd status and genotype. Following these ANOVAs, post-hoc differences within a given genotype based on rd status were resolved using Fisher's LSD test. For multi-day tasks (e.g., Morris maze, circular platform, platform recognition, and radial arm water maze), ANOVAs involved overall daily averages, as well as repeated measure ANOVAs. Table 2 shows the distribution of rd genotypes by transgenic group for all 32 animals in this study. Significant percentages of animals in all four genotypic groups, and over 40% of all animals (14/32), were determined to be homozygous recessive (rd/rd) for the retinal degeneration gene. The remaining animals were either heterozygous (unaffected carriers) or normal wild type. As summarized in Table 3 , a main effect of rd homozygosity was evident in multiple behavioral measures from most of the cognitive-based tasks; particularly Morris water maze (reference learning/memory), platform recognition (identification/search), and the radial arm water maze task (working memory). Rd homozygosity impaired cognitive performance in these tasks, all of which are reliant on vision for spatial or recognition/search abilities. Main effects of the rd genotype on primary cognitive measures from Morris maze acquisition/retention, platform recognition, and the radial arm water maze are shown in Fig. 1 .
RESULTS
The relative contribution of each genotypic group to the above main effects was variable, as revealed by post-hoc pair-wise comparisons for rd effects within each genotype ( Table 3 ). The impairing effect of rd homozygosity was most evident and widespread for non-transgenic (NT) and P301L (Tau) genotypes since rd heterozygous (rd/ + ) and wild type mice ( + / + ) of these genotypes performed quite well in all three water-based tasks. By contrast, APPsw mice and Tau + APPsw mice were impaired in two of these spatial tasks (Morris maze and radial arm water maze) irrespective of rd status and, as a result, these two groups did not contribute appreciably to the main effects of rd homozygosity in those two tasks. In the third water-based task (platform recognition), however, APPsw and Tau + APPsw genotypes did contribute to the main effects of rd homozygosity. Performance in two cognitive-based tasks, Y-maze spontaneous alternation and circular platform escape, was not affected by rd homozygosity (Table 3) . For circular platform escape latency, however, there were clear trends for an rd effect in each genotype, resulting in a main effect that approached significance (p¼0.14). Since the higher escape latencies associated with rd homozygosity in the three mutant transgenic lines were contrary to the lower latencies exhibited by NT (rd/rd) mice, a significant interaction was present between the rd gene and genotype for this measure (Table 3) .
Measures from sensorimotor tasks (e.g., open field activity, balance beam, and string agility) were not affected by rd homozygosity (Table 3) . Although there were similarly no main effects of rd homozygosity in the elevated plusmaze task for anxiety, this was because rd homozygosity had opposing effects on the four genotypes. In this regard, interactions were evident between rd homozygosity and genotype for both the number of open arm entries and time spent in open arms. Specifically, rd homozygosity resulted in several genotypes (NT, APPsw) exhibiting higher values in both these measures (e.g. less anxiety), while rd mice bearing the other genotypes (Tau, Tau + APPsw) showed lower values (e.g. higher anxiety).
DISCUSSION
The rd gene, causing retinal degeneration and near total blindness when homozygous, is prevalent in a number of mouse strains utilized to generate transgenic/knockout models of neurological disorders [4, 5] . Prior studies investigating the behavioral impact of rd homozygosity in mice have only involved a single task, none of which are currently in common use [7] [8] [9] ; moreover, effects of rd status on behavior of gene-targeted mice have been unexplored. For both normal and AD transgenic mouse lines, the present study utilized a comprehensive test battery in demonstrating pervasive, deleterious effects of rd degeneration on spatial cognitive tasks often employed in gene-targeted mouse research. A surprisingly high proportion (40%) of mice in this study were homozygous for the rd gene. The DBA2 and/or SW Morris maze reference learning was tested over 9 days, with each of four daily trials involving a di¡erent start position in a 100 cm diameter circular pool; latency to ¢nd a stationary submerged platform in one quadrant was recorded (60 s maximum) and daily latencies were averaged. Signi¢cant overall group di¡erence (F(1,24)¼10.27; po0.005). (b) Morris maze retention was tested through three1-minute probe trials on days 4, 7, and10 (prior to learning trials on days 4 and 7). For each probe trial, the percentage time spent in each quadrant was recorded; a greater time spent in the former platform-containing (goal) quadrant is indicative of superior reference memory. *pr0.05 vs + / + , rd/ + group. (c) Platform recognition testing consisted of four daily swim trials (60 s maximum) starting from the same pool location; the location of an elevated, prominently ensigned escape platform was changed for each trial and daily escape latencies averaged. Signi¢cant overall group di¡erence (F(1,24)¼19.55; po0.0005). (d) In radial arm water maze testing, the latency to locate a submerged platform in one of six radially oriented swim arms was recorded (60 s maximum) over four successive trials (T1 and T4), followed by a 30 min delayed trial 5 (T5). Arm location of the submerged escape platform was changed daily, as was the semi-randomized sequence of start arms. Upon entering a non-platform arm, animals were returned to that trials start arm to continue the trial. Averaged T4 and T5 escape latencies over 12 successive days of testing are indicative of working memory. *po0.02 or higher level of signi¢cance vs + / + , rd/ + group. rd homozygosity (rd/rd) seriously impaired performance, as evidenced by the inability of rd/rd mice to reduce their escape latencies in all three tasks (a,c,d) and the lesser time spent by rd/rd mice in the goal quadrant during intermediate and overall Morris maze probe trials (b).
strain background of breeder P301L (Tau) mice was apparently responsible for rd gene transmittance in this cohort of mice. Spatial tasks requiring visual acuity were selectively impacted by rd homozygosity, specifically the Morris maze (reference learning/memory), radial arm water maze (working memory), and platform recognition (identification/search). Of these, platform recognition (e.g. visible platform) has often been used exclusively as a screen for visual acuity. Although visual acuity is critical for this task (as the present study shows), recent findings indicate that platform recognition is also a cognitive-based task requiring identification/search skills that can be compromised by transgenicity and/or neurological problems [15] [16] [17] . Of the remaining cognitive-based tasks, rd homozygosity did not affect spontaneous alternation in the Y-maze (a task not reliant on visual acuity) or circular platform performance, although clear trends for an rd effect were evident in the later task. Sensorimotor tasks such as balance beam and string agility were not affected by the rd gene, indicative that normal sensorimotor function is not appreciably contingent on visual acuity and underscoring a general independence of sensorimotor function from cognitive performance, as we have reported previously [16] .
Of the four genotypes comprising this study, the main effects of rd homozygosity on spatial cognitive measures were primarily due to non-transgenic (NT) and Tau (P301L) mice. Unaffected animals (rd/ + and + / + ) in these two genotypes performed relatively well in those measures, while affected rd/rd mice were very impaired. By contrast, APPsw and APPsw + PS1 mice were impaired in Morris maze and radial arm water maze measures irrespective of rd status, so these genotypes did not contribute to the overall rd effect in those tasks. Nonetheless, both of these later genotypes did contribute to the highly significant rd main effect present in platform recognition performance. Thus, the impact of rd status on the three Alzheimer's transgenic lines investigated was both task-and genotype-dependent. This is not surprising in view of differing neuropathologic development and behavioral performance among these genotypes [10] [11] [12] [13] 17] .
In the present study, rd homozygosity was anticipated to result in less anxiety, particularly in view of a recent report that found three rd homozygous-carrying strains of mice (C3H, CBA, and FVB/NJ) to have less anxiety in the elevated zero-maze compared to other inbred strains [9] . However, rd homozygosity had two opposing effects in the four genotypes during elevated plus-maze testing: NT and APPsw mice showed less anxiety while Tau and Tau + APPsw mice showed higher anxiety. Thus, performance in anxiety-related tasks may be strain-and taskdependent [9, 18] , so the present results involving rd effects on elevated plus-maze anxiety should be extended through future studies.
CONCLUSION
The findings reported here show that retinal degeneration resulting from rd homozygosity causes widespread impairment in spatial cognitive tasks commonly used to assess behavioral performance of gene-targeted mice. The comprehensive behavioral battery used in evaluating three Alzheimer's transgenic lines and non-transgenic littermates revealed rd effects to be largely limited to such spatial tasks of reference/working memory and recognition; sensorimotor function and anxiety levels were unaffected by rd status. Our results strongly encourage rd screening of transgenic/ knockout mice breed from rd-carrying strains to avoid confounds in behavioral data analyses.
